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Abstract 
A saturated triblock copolymer, poly(styrene-
block-ethylene-co-butylene-hlock-styrcnc) was chemical-
ly crosslinked using trimcthylol propane trimethacryl-
ate, TMPTM, and subjected to electron beam radiation. 
The gel percent, ten second modulus, and stress relax-
ation behavior were used to characterize the materials 
as a function of crosslinker and radiation level. A 
master curve was generated at 63°C for 3% TMPTM an<l S 
Mrads of radiation. It was concluded that the main 
locus of crosslinking was within the polystyrene phase, 
which explains reduced creep and stress relaxation only 
for long times and/or hiih temperatures. Based on 
shifts o f the glass trans it ion t cm per ;it u r cs , i t was 
estimated that 11-J(ii poly(ethylcnc-co-butylene) was 
dissolved in the polystrcnc phase. 
\ 
1. 
Introduction 
In applications to date, triblock copolymer 
thermoplastic elastomers are useful because they behave 
as elastomers at room temperature, yet flow at elevated 
temperatures (1,2). Advantages include elimination of 
the vulcanization step after molding, and recycling of 
scrap. In addition, the glassy blocks tend to act as 
self-reinforcing agents, so that such elastomers often 
exhibit tensile strengths in excess of 3000 PSI, without 
added filler (3,4). Because of their small domain size, 
many of these elastomers are substantially transparent 
as well. 
However, the physical crosslinks imparted by 
the hard blocks are mobile with time, especially at 
elevated temperatures, and hence these elastomers are 
subject to excessive creep. When the center block is 
an unsaturated hydrocarbo~ oxidative chain scission 
also contributes to the creep (5). 
The objective of this paper is to characterize 
a chemically crosslinked triblock copolymer based on 
poly(styrene-block-ethylene-co-butylene-block-styrene). 
This particular thermoplastic elastomer was chosen 
because the material has a saturated rubbery section, 
2. 
increasing its resistivity to chemical attack. Unfor-
tunately this also makes it more difficult to crosslink. 
Both addition of a rnultivinyl crosslinking compound 
followed by electron beam radiation were required for 
crosslinking. Also, the molded films of this polymer 
were highly transparent, and continued to exhibit 
excellent clarity after chemical crosslinking. 
3. 
Experimental 
The poly(styrene-block-ethylenc-co-butylene-
block-styrene),designated Kraton G-1652,was obtained 
from Shell Development Co. and used as received. This 
co-polymer has an olefin/styrene ratio of 70/30 with 
molecular weights of approximately 39,000 gms/mole for the 
ethylene-butylene center block and 8,000 gms/mole for the 
styrene end blocks (6). The material was prepared 
using anionic polymerization to yield an unsaturated 
precursor, styrene-b-butadiene-b-styrene with the 
center block containing both 1,2 and 1,4 butadiene mers, 
which was subsequently hydrogenated. The final product 
has less than .1% by weight unsaturation (7). 
The crosslinking monomer, trimethylol propane 
trimethacrylate, TMPTM, was added during mixing on a 
Brabender at 165°C. Batches of 40 gms were processed 
for 5 minutes at 100 rpm under gaseous nitrogen. The 
material was then compression molded between ~lylar film 
in a polished steel mold at 180°C and twenty tons 
platten pressure in a hydraulic press for 15 minutes. 
The molded samples were irradiated at Columbia 
Research in Gaithersburg, Maryland with a vertical 
scanned 2.5 MeV electron beam. The sheets were placed 
horizontally on carts and passed under the beam in 
4. 
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successive doses of 2.5 Mrad. The heam was calibrated 
by the U.S. Bureau of Standards and all results were 
within 10% of nominal dose . 
Swelling and extraction studies were performed 
by placing weighed samples into vials contining toluene. 
After one week in solvent with three repeated extrac-
tions the samples were reweighed, then dried and then 
reweighed again. From this information the gel percent 
was calculated as the weight of nonextractable material 
times one hundred divided by the original sample weight. 
Stress relaxation data was obtained from a 
standard stress relaxation balance (8). The samples 
were elongated quickly to approximately 10 90 of their 
initial length,and a timer started. The first reading 
of stress was made before 10 seconds had elapsed 1n 
most cases and subsequent observations were made at 
increasing time intervals. Most measurements were 
complete within 24 hours. Temperatures ranged from 
27°C to 150°C and were held constant at ±1°C. 
Th c Clash - 8 t; r g To rs i. on '.; t.i ff n 8 s s Te:, t c: r 1-1 as t L, e d 
to determine the glass transition temperature, Tg, below 
ZS°C (9). Methanol was used as the heat transfer 
fluid, and the temperature raised at a rate of one 
degree per minute. 
5. 
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For work done above 25°C a Gehman-type Torsion 
Stiffness Tester (10) was used to measure the ten 
second shear modulus, G. The heat transfer fluid was 
silicone oil which was also heated at one degree centi-
grade per minute. The samples were tested for swelling 
in silicone oil with no detectable change. 
6. 
Results 
Figure 1 shows the glass transition behavior 
of the Kraton G-1652 as received. As with other two-
phased co-polymers, two separate glass transitions are 
evident corresponding to the two phases (11), one 
rubber rich, Tg = -60°C, the other polystyrene rich, 
T = +65°C. g 
In Figure 2, the ten second modulus of a cross-
linked sample is compared to the material as received. 
The crosslinking was produced by S Mrads of electron 
radiation with 3% of TMPTM. Below 100°C, the two 
materials behaved similarly, but above 100°C the cross-
linked material retained a higher modulus, suggesting 
reduced flow. 
In an effort to characterize the crosslinking, 
both radiation and crosslinker dose were varied. Table 
I shows the effect of i'ncreasing crosslinker on gel 
percent. Each sample received 7.5 Mrads of electron 
radiation from Oto 10 weight percent TMPTM. The 
untreateJ material, Hith Ot 'fi\!PTM and O ~!rads of 
radiation, showed complete solubility. As would be 
expected, increasing the concentration of TMPTM 
increased the crosslinking and hence the gel percent. 
7. 
The stress relaxation behavior of these samples 
1s seen in Figure 3. The reduced modulus, E (t)/E (0), r r 
where E (t) is Young's modulus at time t, and F (0) is 
r r 
the modulus at initial conditions, was calculated as the 
load required to maintain elongation divided by the 
initial load used to stretch the sample. When comparing 
the reduced modulus after 1000 seconds at 133°C the 
untreated material had almost completely relaxed,whereas 
the sample with 10% TMPTM still maintained almost 
half the initial load. 
In Table II each sample contained 3% TMPTM and 
received from Oto 10.0 Mrads of electron radiation. 
As evident by the increasing gel percent, the 
amount of crosslinking increased up to 7.5 
Mrads. However at 10.0 Mrads the gel percent decreased. 
During radiation both chain scission and crosslinking 
occur (12). Apparently above 7.5 Mrads the TMPTM was 
substantially consumed and further irradiation caused 
more chain scission. As an extreme case, when 10% 
TMPTtl was used at 10 Mrads the gel percent diJ not 
decrease, but instead increased to over 90% indicating 
that the amount of crosslinker was limiting. This 
material has limited rubber-like elasticity, however. 
8 • 
The radiation dose was varied with another 
crosslinking monomer, pentaerythritol triacrylate, which 
has the same crosslinking functionality as TMPTM. When 
3% of the crosslinker was added and the samples were 
irradiated from O Mrads to 10.0 Mrads, the gel percent 
again increased from 0% at O Mrads up to 48% at 7.5 
Mrads and decreased again to 46% at 10.0 Mrads. 
The effect of radiation on stress relaxation I', 
/ ,__./ 
', 
behavior is show in Figure 4. The samples from Table II 
were studied at 133°C. After 1000 seconds the 7.5 Nrad 
irradiated material maintained the highest reduced 
modulus at 0.27. The 10 Mrad containing sample relaxed 
faster and after 1000 seconds had a reduced modulus 
less than even a sample irradiated with 5 Mrads, 
Figure 4. 
Figure 5 shows the master curve at 63°C 
developed for both crosslinked and uncrosslinked mate-
rial using the time-temperature superposition principle 
(8,13). The crosslinked Kraton G-1652 contained 3% 
TMPTM ancl 5 irraJs of electron r::icliation. The b:isic 
stress relaxation data was taken at various temperature 
intervals from 25°C to 155°C. The curves were obtained 
by shifting stress relaxation data along the log time 
axis. The two materials do not differ greatly for short 
g. 
I 
periods of time; however, the crosslinked material 
exhibits reduced creep for times over 1000 hours. 
The results of a stress relaxation study at 27°C 
are shown 1n Figure 6 where the reduced modulus is 
plotted as a function of log time. Again, the cross-
linked Kraton G-1652 contained 3% TMPTM and 5 Mrads of 
electron radiation. Up to lxl0 5 seconds the unmodified 
Kraton relaxed at a somewhat slower rate than the 
crosslinked material, which was unexpected. 
Two other temperatures below the Ta of polysty-
b 
rene were also studied; these results are 1n Table III, 
and tend to confirm the results in Figure 6. In this 
table the reduced modulus after 1000 seconds is listed 
for all three temperatures. In each case the reduced 
modulus of the uncrosslinked material was higher. 
In Table IV the ten second shear modulus at 
T = 25°C was measured for samples with varying cross-
linker and radiation. The modulus at about 4xl0
8 
dynes/cm 2 tended to remain invarient of TMPTM level and 
radiation dose. This result suggests that the rubbery 
portion of the material was relatively unaffected by 
the crosslinking monomer plus radiation. 
10. 
\ 
T Shifts g 
Discussion 
The glass transition temperature, T , of pure g 
polystyrene has been reported as 100°C (14). However 
the Tg of the polystyrene phase in Figure 1 is only 
65°C. This lower Tg in the triblock copolymer can be 
partly explained because of the low molecular weight 
of the end blocks. Fox and Flory (15) report an 
equation to account for the depression of T due to g 
low molecular weight: 
T =T - (1.0xl0 5/M) gM goo V 
(1) 
where M 1s the viscosity averaged molecular weight, 
V 
and T and T are the glass transition temperatures 
g~1 goo 
of the low molecular weight polystyrene and the poly-
styrene of infinitely high molecular weight. With an 
end block molecular weight of 8000 gms/mole, equation 
(1) yields TgM = 87.5°G. Since the T of the poly-g 
styrene phase of the block copolymer is still lower 
than this, further analysis is required. A mass balance 
analysis can be carricJ out to estimate the partial 
mutual solution of the two polymers (16). It was 
found recently that a homogeneous IPN phase behaves 
like a random copolymer with respect to glass transition 
behavior. For the present discussion, it will be 
11. 
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assumed that a homogeneous phase in a block copolymer 
behaves similarly. Two well-known copolymer equations· 
may be adopted in calculating the T of a homogeneous g 
phase in a phase-separated material: 
1 
Tg 
(2) 
( 3) 
where Tgl and Tg 2 represent the glass transition temper-
atures of the two homopolymers, and w1 and w2 are their 
respective weight fractions. If it is assumed that 
these random copolymer equations hold for a homogeneous 
block copolymer phase, then the actual composition 
within each such phase may be calculated. Noting that 
the sum of w
1 
plus w2 equals one, and using the Tg of 
polystyrene corrected for the low molecular weight 
as Tgl' along with estimating the Tg of the poly 
(ethylene-co-butylene) _as the T of commercial EPM g 
(-50°C) (17) equation (2) yields: 
w1 = • 89 
w2 = .11 
If the same values for Tgl and TgZ are used i.e. 
Tgl = 87.5°C and Tg 2 = -50°C equation (3) yields: 
w1 = .84 
w 2 = .16 
12. 
j 
Thus, the amount of poly(ethylene-co-butylene) dissolved 
in the polystyrene phase may be estimated at approxi-
mately 11-16%. Because the exact homopolymer T for g 
the rubber phase was not available, the calculation 
could not be repeated for that phase. 
Locus of Crosslinking 
Obviously, chemically crosslinking a thermo-
plastic elastomer should (and did) reduce creep. The 
question still remaining concerns whether the cross-
linking takes place primarily in the glassy domains, 
the rubbery domains, or is randomly placed. It is 
noted that only creep behavior at long times and/or 
high temperatures appears to have been reduced by the 
radiation treatment, see Figure 5 and Table III. Also 
the rubbery modulus at room temperature is surprisingly 
invarient to both TMPTM and irradiation dose, Table IV. 
Except for a very high level of TMPTM, 10%, the rubbery 
modulus did not increase as drastically as would be 
expected for efficient chemical crosslinking in the 
rubbery section. 
In an effort to ascertain the locus of the cross-
linking, the solubility parameters, o, of the rubber, 
polystyrene, and crosslinker were estimated. The 
quantity o can be estimated from the density,d; the 
I 
sum of the molar attraction constants, [G; and the 
molecular weight, M,according the the equation (14): 
(4) 
Using two different sources for the molar attraction 
constants, the calculated solubility parameters for 
the three materials are summarized in Table V (20,21). 
In both cases the solubility parameter of TMPTM is 
above that of polystyrene, which in turn is above that 
of the poly(ethylene-co-butylene). This result indi-
cates a solubility preference of the TMPTM for the 
polystyrene phase. 
Thus, the results presented in this paper 
indicate that the glassy polystyrene phase is the main 
locus of crosslinking. Figure 7 shows a model of this 
mode of crosslinking. The glassy polystyrene phase 1s 
chemically crosslinked, while the poly(ethylene-co-
butylene) phase remains substantially unchanged, or 
perhaps slightly degraded. The model in Figure 7 
explains the reduced creep and flow for experiments 
involving long times and/or high temperatures, which 
involves molecular motion in the glassy phase. For 
short times and/or lower temperatures, the behavior 1s 
actually slightly worsened because of a slight degrada-
tion of the rubbery center block. 
14. 
} 
Chain Scission during Irradiation 
Since some chain scission occurs with radiation 
crosslinking, it appears reasonable that the slight 
increase in chemical crosslinks in the rubbery domain 
is offset by chain scission. Although the glassy domain 
undergoes chain scission, the susceptibility of poly-
styrene to chain scission is not as great as for the 
ethylene-co-butylene center block (18). 
This would not be the case if the rubbery 
section was an unsaturated polymer. These polymers 
crosslink readily in the rubbery phase when exposed to 
radiation and require no additional crosslinkcr (19). 
However as indicated in Table I, radiation alone of the 
saturated Kraton G-1652 was not sufficient to cause 
measurable gelation. 
Procedure X 
Compared to an unsaturated block copolymer of 
styrene and butadiene which has been crosslinke<l, the 
relaxation processes are very different. At elevated 
temperatures, for ex~mple, there may be a significant 
oxidative attack, degrading the elastomer, and causing 
significant stress relaxation at points of unsaturation 
(4). Since the present elastomer was saturated, 
chemical stress relaxation by this mechanism is much 
reduced. 
15. 
J 
In addition, oxidative attack usually yields 
an activation energy of near 30 kcal/mole (8). When 
stress relaxation was studied at 15°C intervals between 
27°C and 150°C, application of Tobolsky's Procedure X 
(8) yielded a continuously variable activation energy 
for both the crosslinked and unmodified materials, 
suggesting physical relaxation processes. 
16. 
) 
Conclusions 
Kraton G-1652 was efficiently crosslinked using 
electron beam radiation and TMPTM as the multifunctional 
crosslinker for applications involving long periods of 
time or high temperatures. Lowering of the polystyrene 
T was used to estimate the extent of mutual solution 
g 
of the two homopolymers, and approximately ll-15% of 
poly(ethylene-co-butylene) is dissolved in the poly-
styrene phase. The main locus of crosslinking 1s 
thought to be in the polystyrene phase because of the 
rubbery modulus invariance to crosslinking level and a 
comparison of the several solubility parameters. 
17. 
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Table I 
Swelling Study of Radiation Crosslinked Kraton G-1652, 
Increasing Crosslinker Level 
Radiation Dose TMPTM Level Gel 
(Mrads) wt % % 
7. 5 0 0.0 
7. 5 1 30.0 
7. 5 3 53.6 
7.5 5 61. 0 
7. 5 10 7 5. 2 
20. 
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Table II 
Swelling Study of Radiation Crosslinked 
Triblock Copolymer Increasing Radiation Dose 
Radiation Dose TMPHI Level Gel 
(Mrads) wt % % 
0 3 0. 0 
2. S 3 21. 0 
S. 0 3 40.3 
7. S 
-, 51. l 
.) 
10.0 3 45.1 
21. 
Table III 
Reduced Modulus E(lOOO) of Triblock Copolymer E(O) 
Cross linked 
Temperature 3% T~!PTM 
oc Uncross linked s Mrads 
27 . 91 .88 
63 . 51 .46 
77 . 31 . 21 
22. 
Table IV 
Ten Second Modulus of Radiation Crosslinked 
Triblock Copolymer at T = 25°C 
Radiation Dose 
(Mrads) 
7.5 
7. 5 
7 . 5 
7.5 
7. 5 
0 
2. 5 
s.o 
7. 5 
10.0 
TMPTM Level 
wt 
0 
1 
3 
s 
10 
3 
3 
3 
3 
3 
23. 
% 
3G(l0) z 
(dynes/cm) 
x108 
3.4 
3.5 
3.8 
5. 6 
10.5 
5. 9 
6.1 
5. 6 
4.7 
7. 1 
I 
I 
Table V 
Calculated Solubility Parameters from Physical Constants 
TMPTM 
Polystyrene 
Poly(ethylene-co-butylene) 
24. 
o(Small) 
10.1 
9. 0 
8. 4 
o(lloy) 
9. 8 
9 .1 
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